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HORIZONTAL CONVERGENCE AND THE OCCURRENCE OF SUMMER 
PRECIPITATION AT MIAMI, FLORIDA 


STANLEY DAY 
Weather Bureau Airport Station, Miami, Fla. 
Manuscript received August 4, 1952; revised manuscript received July 8, 1953] 


ABSTRACT 
The Bellamy nomograph is applied to a triangle over southeastern Florida and adjacent waters to compute the 


horizontal divergence and convergence in the lower levels for the period June-August 1951. 


The general diurnal 


pattern and the extent of the sea-breeze effect are established and graphed, as are the variations in the pattern between 


wet and dry days. 


A comparison is made between the results of this study and those obtained from a similar investi- 


gation in central Florida. The relationship between the partial and total convergence values and the occurrence of 
precipitation is examined. The snort test period and lack of data prevent any determination of valid forecast rules 
but a study of the charted data reveals several promising leads meriting further investigation. 


INTRODUCTION 


Summer showers and thunderstorms of apparent local 
origin but of severe intensity and with excessive precipita- 
tion are a major forecasting problem in Florida, particularly 
in the southeastern coastal area around Miami. These 
showers, occurring within a generally uniform unstable 
mT air mass, are not typically related in time or intensity 
to the passage of fronts, squall lines, easterly waves of 
noticeable magnitude, or hurricanes. The purpose of this 
study is to determine the relationship between horizontal 
convergence over southeastern Florida as measured by 
the Bellamy nomograph and the occurrence of summer 
precipitation. 

Examination of previous investigations of the Florida 
shower problem indicates that theories as to the causes of 
the development of the large areas of horizontal conver- 
gence necessary to widespread thunderstorm activity over 
Florida cannot be completely reconciled. Riehl [1] 
ascribes the cause to the presence of a more or less perma- 
nent zone of horizontal convergence across the Florida 
peninsula as a result of a permanent trough of low pressure 
at some level in the atmosphere. Byers and Rodebush 
[2] have investigated the Florida thunderstorm as it 
occurs over the central portion of the State by using the 
Bellamy nomograph [3]. In their report it is stated that 
easterly waves, hurricanes, and frontal zones were found 
to be too rare to account for the almost daily thunderstorm 
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activity in the portion of the State that they were consider- 
ing. They concluded that the shower activity was set 
off by a low level mechanism, the conflicting sea breezes 
of the east and west Florida coasts, meeting over the 
center of the peninsula. To support this theory graphs 
of monthly convergence patterns were developed showing 
the time of maximum occurrence of convergence coinciding 
with the time of maximum shower occurrence. 

The triangle chosen by Byers and Rodebush for the 
central Florida study, with Jacksonville, Miami, and 
Tampa at the vertices, was of extensive length with these 
vertices subject to different maritime exposures. The 
centroid of this triangle falls somewhere south of Orlando 
near the location of the Thunderstorm Project of 1946, 
which provided the basic data. The triangle was chosen 
deliberately to measure the conflicting sea-breeze effect 
since it was felt that this was the mechanism that makes 
possible the daily afternoon thunderstorms over the inte- 
rior of Florida. The sea breezes establish an organized 
convergence zone over the peninsula on days when no 
large scale synoptic disturbance is present, the result of 
diurnal heating which may be considered as an indirect 
cause of the inland thunderstorm activity. However, 
without the converging effect of the double sea breeze over 
the Florida peninsula, the diurnal heating alone would not 
produce this activity. 

This theory explains the mechanisms in operation over 
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the central portion of the State but cannot be applied direct- 
ly to the southeastern coastal area. To understand the 
shower problem peculiar to Miami and southeastern 
Florida, and how it differs from the rest of the peninsula, 
it is necessary to consider the geographical factors involved. 
Miami is located at the extreme southeastern end of a long, 
nearly flat peninsula thrust deep into the influence of the 
trade winds, and into the warm waters of the Gulf Stream. 
Less than 60 miles to the west are the cooler waters of 
the Gulf of Mexico. Winds of any direction other than 
northwest have had at least some recent water trajectory. 
The prevailing winds over south Florida have easterly or 
southerly components throughout the summer. As a 
result the air reaching the peninsula has a water history of 
extended duration, and is always identifiable as maritime 
tropical, with slight variation either in dew points in the 
lower levels or in the lapse rate. Yet with these appar- 
ently constant factors, the daily precipitation patterns on 
the southeastern coast are anything but constant. 


Miami and the lower east coast do not experience as 
many afternoon thunderstorms as the central part of the 
State, but do have more thunderstorms occurring during 
the night and morning [4]. Also there are periods of as 
much as several days in which the lower east coast experi- 
ences little or no rain while the precipitation pattern goes 
on unchanged in the central portions. This would sug- 
gest a modification in the cause of the showers as set 
forth by Byers and Rodebush. It is undoubtedly some 
combination of the mechanism of the sea breeze and the 
influence of traveling synoptic features as described by 
Riehl. Gentry and Moore [5] have investigated the vari- 
ation of the interaction of the sea breeze and gradient 
wind flow, the timing of the onset of the sea breeze, and 
have correlated these factors with the time of shower 
occurrence in the summer at places within 25 miles of the 
southeast Florida coast. 


COMPUTATION OF CONVERGENCE 


After the appearance of Bellamy’s article [3], a study 
similar to the one conducted by Byers and Rodebush was 
set up for the Miami area. Through the fortunate loca- 
tion of pilot balloon stations at Melbourne, Fla. (since 
replaced by Patrick Air Force Base, Cocoa, Fla.), Nassau, 
Grand Bahamas, and Key West, Fla., it was possible to 
set up a nearly equilateral triangle with Miami very near 
the centroid. (See fig. 1.) Assuming an exact equi- 
lateral relationship between the stations facilitated the 
construction of a table of partial divergence values for 
each station. Computations were so adjusted that the 


partial divergence values represent the percentage of 
volume of air removed or added in a 3-hour period. A 
sample column of the table is shown in figure 2. Positive 
values represent divergence, negative values convergence. 

Beginning at 0300 emt, June 1, 1951, and at each 
6-hourly pibal observation thereafter, a record was kept 
of the partial divergence values for each station of the 
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FIGURE 1.—Map of South Florida and adjacent waters showing triangle ABC formed by 
the pilot balloon stations used in computing convergence at Miami. 


30° 

KTS A B Cc 

5 -05 -02 +07 
10 -10 -04 +15 
15 -16 -06 +22 
20 -21 -08 +29 
25 -26 -10 +36 
30 -31 -13 +44 
35 -36 -15 +51 


FicurE 2.—Sample column of the computed table of divergence (+) and convergence 
(—) values in units of (3 hr).—! Partial values at stations A, B, and C (see fig. 1) are 
shown for a 30° wind direction and for the wind speeds (knots) given in the stub. 


Date __7-/-S/ Winds Aloft Time 6MT Raob Time /S006mT 
Winds Aloft: Computations: 

Hgt. A B c Hgt. A B c Total 
1000 15 06 1000 +02 -/2 
4000 1%03 4000 +0f = 
1703 5000 +07 -43 -o¥ 
Precipitation: 

Miami 6 hr 12 hr to 06306MT 


FiGuRE 3.—Sample worksheet on which pibal data and convergence computations for 
stations A, B, and C were recorded every 6 hours. 


triangle, with the algebraic summations assumed to be 
the net effect upon the centroid, Miami. Due to the 
inconsistencies of the pibal observations in reaching 
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June 1953 


heights above 5,000 feet, this study was limited to data 
compiled below that height. Also tabulated were the 
precipitation records from both the Miami Weather Bu- 
reau Airport Station and the Miami City Office. This 
record was concluded with the 2100 e@mr observation, 
August 31, 1951. A sample data sheet is shown in 


figure 3. 
AVERAGE DIURNAL VARIATION OF CONVERGENCE 


The daily convergence patterns for each month and the 
average convergence for the entire period were computed 
and graphed as shown in figure 4. These curves show a 
diurnal fluctuation of convergence that varies from month 
to month in intensity, yet they are fairly consistent in 
general pattern and average out over a longer period into 
a symmetrical curve. The variation of daily oscillations 
can be related to the daylight and darkness periods, and 
thus may reflect the land-sea relationship. The 0300 
emt readings indicate strong divergence, while this is 
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completely reversed by the daytime circulation pattern at 
1500 cmt. At 2100 cmt the figures average out to 
produce a neutral effect, all levels falling on or near the 
zero line. In the July and August charts the symmetry 
of the curves becomes more pronounced with the conver- 
gence peak falling decisively at 1500 emt, and the levels 
arranging themselves in order, with a minimum of con- 
vergence and even divergence appearing around 4,000 to 
5,000 feet, representing a “spill-over” of the rising column 
of air. In August this is especially well marked. 

The 3-month averages produce a symmetrical pattern 
with the levels arranging themselves in almost exact order 
at the 0300 amr and 1500 emt observations, and pass- 
ing through a “node” or neutral stage at both the 0900 
GMT and 2100 amr observations. The monthly curves 
become more orderly in their behavior as summer ad- 
vances, approaching the average curve. This can be best 
explained by considering that in June the air mass distribu- 
tion of the lower peninsula is not completely maritime 
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FioURE 4.—The average diurnal variation in divergence and convergence at Miami, Fis., for levels 1,000 feet/through 5,000 feet for June, July, and August 1951, and for the 3-month 
season. 
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+20 T | l rrrTy breeze at the separate vertices can be considered to be 
«CENTRAL FLORIDA-JULY 1946 minimized. 

7 
3 CONVERGENCE AND PRECIPITATION RELATIONS 
5 ag In order to determine the changes in the convergence 
= pattern that relate to changes in the precipitation pattem, 
5 the data were broken down into two sets, corresponding 
ar to rain and no-rain days, and replotted. Wet days were 

22 considered to be those on which a trace or more of rain was 

5° recorded at either the Miami Airport Station or City 

: a Office within 12 hours following the time of the wind 

2 § pen aeniinieen ae observations. A dry day was one on which no rain was 

oe 3000 measured at either station during the same period. 
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Ficure 5.—Diurnal variation of divergence and convergence in lowest 5,000 feet for July 
1946 over the central Florida peninsula (adapted from Byers and Rodebush [2]). This 
set of curves closely resembles the average for the test period May 1-September 15, 1946, 
and is selected as being representative of the entire study [2]. Note the exact arrange- 
ment of levels at 2100 Gmt. The results in this figure should be multiplied by 0.4 for 
conversion to the units used in the present study. 
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tropical in nature, but instead is still subject to weak in- 
cursions of northern air which distorts the circulation 
pattern for sufficient time to put the averages out of 
balance. 


The curves thus developed are in general agreement with 
those at Orlando so far as symmetry and configuration are 
concerned. In the example shown of the central Florida 
curves (fig. 5) note that the convergence exceeds the 
divergence over a 24-hour period and the net result is a 
slowly rising air mass. The “nodes” fall below the zero 
line, and the afternoon convergence peak falls to a figure 
in excess of the summation of the other observations. In 
contrast, in the south Florida curves the diurnal swing 
is nearly balanced with equal amounts of divergence 
appearing at 12-hour intervals, without an excessive 
amount accumulated at any one period, and with the 
final summation being slightly divergent. 

These differences can be shown to relate to the exposures 
of the two triangles. One is composed entirely of the 
peninsular land mass, yet the values of convergence are 
determined by wind action at the vertices, all with vary- 
ing water exposures. The convergent values thus may 
often represent a conflict between three different types of 
maritime influence. In contrast, the triangle set up for 
the Miami investigation is composed of more than half 
water surface, with the stations much closer together, and 
may be considered as being in one homogeneous air mass 
the great majority of the time. Two of the stations are 
completely maritime in exposure. All three stations are 
on the same side of the peninsula in relation to the large 
scale easterly flow, and the variations in the types of sea 


In figure 6 the wet-day and dry-day convergence curves 
for the separate months and the 3-month average are 
shown for the lower 3,000 feet. Note that the wet-day 
curves in most instances appear to be exaggerations of 
the normal curves, with an excess of convergence during 
the daytime observations. The June curves show that 
wet-day values distort the curve at the “node” periods 
at 2,000 feet and above, so that a departure’toward con- 
vergence at 0900 emr and 2100 amt becomes especially 
significant. Another point to notice in the June curves 
is that more divergence at the 0300 emt period is the 
forerunner of rain. This may be attributed to night-time 
and early morning showers in the subsequent 12-hour 
period that occur at high levels, with divergence occurring 
below in the charted levels. It also may be that such 
divergence occurs before the advance of the sea breeze 
front at Miami which often bears onshore light early 
morning showers. In July the greatest differences be- 
tween the wet-day and dry-day curves occur at 0300 emt 
and 1500 cmt with the greatest departure at 1500 our 
and the entire wet-day curve more convergent. In 
August the two curves are much more closely related in 
their configuration and do not lend themselves to an easy 
explanation of the variations. Further data may develop 
a more clear cut pattern of variation such as evidenced in 
the June and July curves. 


Despite the establishment of such strong diurnal pat- 
terns through the use of averages, it must be remembered 
that the 6-hour consecutive values from the actual data 
record do not follow the swings from strong plus to strong 
minus each day during a wet or dry period but rather 
become part of a larger scale pattern of sustained con- 
vergence or divergence extending over as much as a 5- t0 
7-day cycle. These cycles can best be measured by sub- 
tracting the average values from the actual observed 
values for corresponding times and heights. The alge 
braic remainder represents the influence of some change 
in the overall synoptic picture that has distorted the nor- 
mal pattern. Abrupt changes in value are important 2 
that large convergence departures from the general trend 
of the observed curve were noted to precede rain of coD- 
siderable intensity or an extended period of shower acti¥- 
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ond FiouRE 6.—The average diurnal variation of divergence and convergence for wet days (dashed line) and dry days (solid line) at Miami, Fis., by altitude and by months. Wet day 
means trace or more of rain at either WBO or WBAS, Miami; dry day means no rain at either measuring station, 
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ity. Conversely, sudden divergence departures from the 
curve have indicated the advent of a dry period. Un- 
fortunately, the lack of data prevents the development of 
any definite rules along this line. 


PARTIAL CONVERGENCE AND PRECIPITATION 
RELATIONS 


The next step was to determine to what extent the par- 
tial values of each of the vertices influence the total, and 
if possible how the influence could be related to the pre- 
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Ficure. 7—Percentage of occurrence of divergence and convergence by classes of ten units (black bars) for each station (partial values) and for total values; and percentage of occurrence 
of each class followed by rain within 12 hours (stippled bars). Based on 1,000-foot data, 0300 GMT observation, for the entire 3-month test period. 


cipitation record. It was found that Nassau, being 
directly upwind from Miami in most of the observations, 
was naturally the most influential in determining the total 
amount of convergence. Melbourne, having the most 
variable wind pattern, affected the divergence and con- 
vergence totals in nearly equal amounts. Key West, being 
farther removed from the wind pattern that affects the 
east coast, contributed the least to the variations of con- 
vergence, but was the most responsible for the occurrence 


of large divergence readings. 
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To relate this information to the precipitation required 
the construction of a table showing the percentage of wet- 
day occurrence as related to the partial values at each 
station. A section of this table is graphed in figure 7. 
The example shown contains the data derived from the 
1,000-foot values of convergence at the 0300 amr obser- 
yation period averaged for the entire test period. Similar 
graphs can be drawn for the other levels and observation 
times. The black bar-graph represents the percentage 
frequency of each partial value of convergence and di- 
vergence at the three vertices, “A”, “B’”’, and “C”, cor- 
responding to Melbourne, Nassau, and Key West, 
respectively. The percentage frequency of the summation 
of the partials is shown by the black bars on the “Total’’ 
graph. Note that this portion of the graph is very similar 
to the normal distribution curve, and if sufficient data 
were introduced into the study the normal distribution 
would likely be approached. 

The stippled bar-graph represents the percentage fre- 
quency of the partial and total values that were followed 
by rain within 12 hours. The “B’ and “C” curves are 
most significant when examined in this respect. On the 
“B” graph, although the frequency of strong partial 
convergence values falls off rapidly toward the left, the 
frequency of strong convergence values that were followed 
by rain increases rapidly in the same direction. For 
example, while values —10 to —19 (3 hr.)~! occur 45 
percent of the time, they result in rain within 12 hours 
56 percent of the time. The occurrence of —20 to —29 
(3 hr.)~! is but 20 percent of the total, but almost 90 
percent of these readings precede rain within 12 hours, 
and —30 to —39 (3 hr.),~' while occurring but 4 percent 
of the time are always followed by rain within 12 hours 
for a reading of 100 percent. The data on the divergence 
side of the “B” graph are very limited but suggest a no-rain 
situation. 

However, the ‘“‘C” graph shows increasing likelihood 
of rain as the divergence values increase. The relation- 
ship of this rather unexpected factor to the resultant 
rain is best found in an examination of the wind shifts 
around an easterly wave. With such a wave near or over 
Miami, Nassau (or “B”) being to the east of the wave, 
has a southeast or convergent wind with relation to the 
triangle. Key West, or “‘C’’, has a divergent northeast 
wind west of the trough. Melbourne, or “A”, shows no 
variation other than that expected by use of the normal 
curve. The two portions of the bar-graph show similar 
tendencies throughout, and the same is true of the “Total’’ 
graphs. 

Similar graphs for the other levels and observational 
periods show that the relationship of the partials and the 
total to the precipitation varies with the time of day. 
The totals are most important in relation to precipitation 
in the 1500 emt data, while the partials are not clearly 
related. At 0900 emr and 2100 emr little can be 
derived from either the partials or the total as they relate 
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to the likelihood of rain. This further supports the theory 
of the “node” at those times at which no indicative differ- 
ences can be detected at any level or station and the air 
circulation throughout the triangle is in a state of confused 
transition. 

From a complete set of graphs similar to those in figure 7 
it should be possible to formulate some type of probability 
forecast of rain occurrence. This, when combined with 
other parameters, may prove to be the key to the develop- 
ment of a measurement method critical enough to detect 
the passage of minor disturbances over Miami, and thus 
provide another tool for the job of solving the troublesome 
problem of summer precipitation at that station. 


CONCLUSION 


The original objective of this study was to formulate 
some clear-cut forecasting rules by correlating the diver- 
gence values with the precipitation record. Analysis 
of the results indicates that the data are much too sparse 
to permit any such definition of rules. However, there 
is sufficient evidence to indicate the general value of the 
study, and the use of computed divergence and conver- 
gence values as a forecasting tool merits further 
investigation. 


ACKNOWLEDGMENTS 


The author wishes to acknowledge the help and en- 
couragement of Mr. Robe Carson in developing the data 
to its final form, and the other members of the Miami 
FAWS in tabulating the daily records. Dr. Charles S. 
Gilman was instrumental in guiding the analysis of the 
data into the proper form. Mr. W. L. Thompson, 
Mr. P. D. Thomas, and others of the Miami Airport 
Station have been most helpful in the assistance they have 
extended. 


REFERENCES 


1. H. Riehl, “Subtropical Flow Patterns in Summer,” 
Miscellaneous Report No. 22, Department of Meteor- 
ology, University of Chicago, 1947, 64 pp. 

2. H. R. Byers and H. R. Rodebush, “Causes of Thunder- 
storms of the Florida Peninsula,” Journal of Meteor- 
ology, vol. 5, No. 6, Dec. 1948, pp. 275-280. 

3. John C. Bellamy, “Objective Calculations of Diver- 
gence, Vertical Vorticity, and Velocity,” Bulletin of 
the American Meteorological Society, vol. 30, No. 2, 
Feb. 1949, pp. 45-49. 

4. U. S. Weather Bureau, ‘Thunderstorm Rainfall,” 
Hydrometeorological Report No. 5, Waterways Experi- 
‘ment Station, Vicksburg, Miss., 1945, 330 pp. 

5. R.C. Gentry and Paul L. Moore, Relation of Sea Breeze 
and General Wind Interaction to Time and Location 
of Air Mass Showers, U. S. Weather Bureau Office, 
Miami, Fla. (Unpublished manuscript.) 


| 
} 
sing 
tal 
ost 
on- 
ing 
the 
on- 


162 MONTHLY WEATHER REVIEW JONE 1958 


FREQUENCY VARIATION OF SNOW DEPTHS IN THE MISSOURI 
AND UPPER MISSISSIPPI BASINS 


VANCE A. MYERS 
Hydrometeorological Section, U. S. Weather Bureau, Washington, D. C. 
{Manuscript received May 13, 1953] 


The accumulated depth of snow is a weather element not 
usually summarized in Weather Bureau climatological 
publications. Recently certain snow-depth frequencies 
were compiled for a number of first-order Weather Bureau 
stations in or near the drainage area above St. Louis, Mo., 
in connection with a study of the flood potential at St. 
Louis. The snow-depth frequencies are presented in table 
1, for the benefit of others who may have use for these data. 

Daily accumulated depths of snow on the ground (in 
inches) were taken from W. B. Form 1001, “Original 
Monthly Record of Observations,” and were plotted 
against day of the year. Smooth curves were drawn, one 
enveloping all the points, one enveloping 95 percent, and 
another enveloping 90 percent. To construct the latter 
two curves, 10-day periods were considered as units. 
Except for minor adjustments for smoothing, the number 
of dots within‘a‘10-day period (February 1-10, 11-20, etc.) 


lying above the 90 percent curve (exceeded 1 year in 10) 
equalled the number of years of record, with half that 
many dots above the 95 percent curve (exceeded 1 year in 
20). Depths were read from the curves at 10-day inter. 
vals, and are presented in table 1. Traces were not 
considered and were plotted as zeros. Therefore, the 
zeros in the table should be interpreted as less than 0.1 
inch. Since there is considerable variation from station to 
station when these data are plotted on maps, and since 
such maps are not readily subject to a logical analysis, this 
form of presentation was discarded. 

Appreciation is expressed to the National Weather 
Records Center which furnished a large number of 
photostats and to Margaret E. Linehan, A. E. Brown, 
A. L. Criss, J. L. Keister, J. T. Lindgren, and H. H. 
Vinnedge of the Hydrometeorological Section staff who 
took part in processing the data. 


TABLE 1.—Depths of snow on ground (inches) exceeded 10 aes: os 6 art of the years on certain dates, and maximum snow-depth values 
or those dates 


February 10 | February 20 | February 28 | March 10 March 20 March 31 April 10 April 20 April 30 
Station Years 

10%| 5% |Max.|10%| 5% |Max.|10%| 5% |Max.|10%| 5% |Max.|10%| 5% |Max.|10%! 5% |Max.|10%| 5% |Max.|10%| 5% |Max.|10%| 5% |Max. 

1893-1948 | 0.5) 1.6) 9.7/0 | 0.7) |0 7.77010 5.7;0 | 0 3.2;0 | 0 0.4;0 | 0 0.230 0 
Charles City, 1905-48 /11. 5/16. 6} 22.4] 9.0/17.0) 26.9) 7.0)12. 5) 29.3] 4.5) 7.0) 23.5) 1.9) 4.2) 17.0} 0 | 1.6) | 0 6110/0 2.550 |0 | 0 
1893-1 3.0} 5.6} 10.8) 3.0) 6.2) 12.5) 1.4) 3.4] 13.0} 0 | 1.4) 12.910 |0 | /0 9.4,0 | 0 4.440 0/0 
1893-1948 | 6.8) 8.8) 14.4) 3.7) 6.3) 13.9) 2.5) 4.1) 13.3) 1.8) 3.1) 12.5) .5) 1.8) 11.6) 0 10.2;0 | 0 84,0 0 5.0} 0 | 0 0 
6.4} 9.0) 21. 5) 3.9) 7.9) 20.9) 2.9) 6.9) 19.8) 2.0) 5.1) 17.4) .8) 2.7) 14.4) 0 | 0 9.440 0 8.440 | 0 67 
Devils Lake, N. 1905-46 {11. 7/14. 3) 30. 0/11. 8/14. 7) 27. 8/10. 7/14. 0) 25. 5) 7. 3/11. 0) 21.5) 4,2) 6.9] 17.8) 1.8) 3.5) 14.0) .2) 1.2) 10.810 | 0 7.510 | 0 46 
1893-1948 | 0.9) 2.4) 6.8) 1.1) 3,4) 13.7) 1.2) 4.4) 15.2) 0 | 4.6) 15.5) 0 -2} 15.0}0 | 0 | | 11.50 8.3}0 0 
1893-1948 | 8. 26.8) 6. 4/11. 6) 21.7) 4.5) 7.1) 18.4) 3.0) 4.6) 15.0) 1.7) 3.1) 12.6) 0 | 1.3) 10.1);0 | 0 7.440 4.440 | 0 1.0 
9. 4/10. 6} 15.0) 8. 8)11.2) 16.4) 5.2)11.2) 14.9) 1.9) 5,1) 12.2) 0.9) 2.0) 9.7) .4) 1.2) 68) 0 0 2.2;0 |0 Ll 
Grand Forks, N. 1914-48 /|16. 9/18. 1) 22. 9)17. 2/18. 5) 23. 4/15. 7/19. 0) 23. 9)12. 4/18. 5) 24.1) 7.8/12.3) 17.2) 3.3) 5.0) 11.3) .1) 1.5) 7.3) 0 | 0 4.7;0 |0 3.2 
Hannibal, 1893-1933} 4.0) 7.7) 15.0) 1.0) 7.5) 16.8) 2.0) 17.0) 2.4) 16.2) 0 8} 14.6) 0 -1,12.2;0 | 0 6.550 | 0 | 0 0 
Iola, .| 1906-36 4) 1.2] 10.7) 0 11.8) .1) 1.7) 120) 0 | 2.0) 11.7;0 | 0 | 10770 | 0 5.2;0 | 0 0;0/0 0/0 
Kansas City, 1893-1943] 2.8) 4.8] 14.9) 1.4) 4.2) 15.6) .7| 2.4) 16.4) .2) 2.6) 18.0) 0 8} 19.8) 0 16.5,0 | 0 7.010 | 0 4.2)}0 | 0 22 
1893-1941} 4.7] 8.7] 12.8) 3.0) 8.7) 13.0) 1.3) 3.2) 18.0) O | 1.5) 12.9) 0 6) 12.7; 0 12.3}0 | 0 3.5, 0 | 0 -440 0 
1893-1948 |12. 8}16. 9] 28. 5)11. 0/14. 3) 28.3) 9. 1/11. 7] 27.8) 5.3) 8.3) 16.1) 2.7) 5.1) 14.0) 0 | 2.4) 12.7)0 | 0 11,0 |0 8.3) 0 | 0 20 
Lincoln, Nebr 1897-1948 | 5.0) 7.3) 16.9) 3.3) 7.4) 17.3) 2.7| 7.3) 17.2] 2.5) 6.8) 16.7) .5) 2.2) 11.8) 0 8440 | 0 6.440 4.2;0 |0 0 
1905-48 |13.3)16.7| 21.9] 9. 5}16. 2) 22.2) 7. 7/10. 8} 20.2) 5.6) 7.5) 17.3) 3.2) 5.8) 15.0) .7| 3.2) 12.9) 0 1.4/0 | 0 8.7; 0 | 0 3.8 
Minneapolis, 1899-1948 |12, 9)14. 2) 21. 8)12.0)13. 8] 29.9} 9. 8/13. 2) 32.2) 5.6)10.0) 32.4) 2.7) 6.9) 28. . 8) 2.7) 13.2) 0 9.7}0 | 90 67 
Moorhead, 1893-1938 |15.3)17. 7| 26. 1/15. 0}17. 6] 26. 9)12. 4/17. 5| 27. 5) 8. 8)12.3) 27.8) 7.0) 9.7) 26.0) 2.2) 5.4) 17.8) 1.5) 12.3) 0 6.910 | 0 3.5 
North Platte, Nebr 3.5} 13.2) 1.6) 2.9) 14.1) 1.6] 3.1) 14.4) 1.3) 3.3) 14.2) .7| 2.8) 12.910 | 7.5) 0 | 0 5.6, 0 | 0 4.2;0 | 0 3.1 
5.3) 8.3] 19.6) 4.4] 7.7) 19.9) 4.2) 6.2) 19.9) 3.1) 5.8) 19.5) 1.6) 2.9) 14.8) 0 -5) | 0 | 0 2.4,0 | 0 0 
3.3) 5.9) 11.2) 1.5) 4.0) 11.1) 2.3] 10.8) 2.0) 10.4) 0 9.7) 0 84,0 4550/0 1.3)0 | 0 0 
Pierre, 8. Dak__.___- 4. 6} 6.2) 12.0) 3.1] 4.3] 11.9) 2.9) 6.0) 11.7) 3.9] 6.7) 11.4) 2.9) 5.4) 10.8) .9) 2.1) 9.9) 0 84,0 6.0} 0 | 0 0 
City, 8. Dak. 2.8} 4.9} 12.2) 2.6) 4.1) 12.4) 2.6) 3.5) 12.8) 2.9] 4.9) 13.5) 2.9) 5.2) 14.5) 1.7) 4.3) 17.0) 0 | 2.2) 17.7, 0 10.0} 0 | 0 49 
t 1,8} 3.4] 15.3] 1.6] 3.3) 15.6) 2.1) 15.3) 0 | 1.0) 12.8) 0 .3} 10.1); 0 | 0 7.440 |0 5.2;0 | 0 2.610 |0 0 
14. 0/16. 5} 34. 0)13. 3)15. 4] 34. 7) 12.3)14.0) 32.9) 8.3)12.1) 20.4) 2.3) 7.2) 23. -7| 2.8) 17.4) 0 13.910 | | 90 7.4 
Sioux Oity, 1893-1948 | 6. 7/10. 0} 26.0) 4.0) 6.3) 26.3) 3.0) 4.7) 26.2) 1.9) 3.5) 25. 2.3) 25.3) .1) 24110 | 20.0;0 | 0 4.810 | 0 30 
1893-1948} 2.9) 5.4) 13.2) 1.7) 5.2) 13.7) 2.5] 13.7) .1) 13.4) 0 11.550 | 0 6.440 | 0 41,0 2.2;0 |0 2 
1893-1948 | 1.8) 3.8) 15.1) 3.7) 20.0) .5) 2.2) 18.9] .1) 1.2) 15.0) 0 -1/10.1;0 | 0 4.550 | 0 -770 | 0 0 
St. Joseph, Mo 1910-43 | 2.6) 5.4) 10.7) 2.6) 5.7) 11.3) 3.1) 5.9) 11.5) .1) 1.7) 11.4) 0 10.910 | 0 9.80 8110 0 
1899-1943} 3.7) 5.1) 17.8} 1.2) 4.8) 18.5) 1.2) 4.9) 18.6) .9} 2.7) 18.2) 0 17.230 |0 | 147;0 | 0 3.4/0 | 0 1.4/0 |90 
}a.3 5.6} 29.0) 3.3] 6.9) 29.2) 3.5) 7.9) 29.1) 3.8) 7.8) 28.8) 3.6] 6.6) 28.3) .8) 2.8) 27.7) 0 .6| 26.910 |0 | 17.0,0 | 
1916-33 | 20. 8/21. 7] 25. 0/20. 7/22. 6} 26. 0/20. 4/24. 0) 26. 5/16. 5|21.8| 24.6) 6 7| 9.7) 18.0) 3.6) 5.3) 13.7) 2.0) 3.8) 11.0) 0 | 0 6.0}0 | 
Wichita, 2.0) 7.4) .3) 1.7) 8&1) 84) 19) 8&3)0 | 0 7.440 |0 2.80 0 | 0 0 
Williston, N. 10. 3/15. 3] 18.8) 9.0/15.1] 20.4] 7.4/10. 4) 22.6] 6.2] 9.7] 28.0) 6.2] 9.8] 28.0) 3.0] 6.1) 25.4) 0 | 22) 21.010 | 0 | 17.1,0 | 0 me 
1893-1933 | 7. 4/11. 5) 21.8) 4.4) 7.1) 21.1) 2.9) 5.5) 20.0) 3.0) 5.3) 16.2) 1.9) 5.2) 13.40 | 1.2) 1.8/0 | 0 | 7.20 
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THE WEATHER AND CIRCULATION OF JUNE 1953'— 
The Second Successive June with Record-Breaking Drought and Heat 


JAY S. WINSTON 
Extended Forecast Section, U. S. Weather Bureau, Washington, D. C. 


DROUGHT AND HEAT 


Extremely dry weather prevailed over the lower 
Mississippi Valley, Southern Great Plains, and Southwest 
during June 1953. Much of this vast area received less 
than 25 percent of normal rainfall and nearly all of it less 
than 50 percent (Chart III-B). The dry spell over 
the South, which began in the last third of May, resulted 
in extensive deterioration of crops and pastures and desic- 
cation of ponds and streams. 

The most severe drought conditions existed over western 
Texas and in the Rio Grande Valley where, except for 
brief periods of temporary relief, precipitation has been 
deficient for nearly 3 years. For example, records at 
Del Rio and Big Spring, Tex., show that these stations 
have received respectively only 38 percent and 50 percent of 
their normal precipitation during the past 33 months. 
The bed of the Rio Grande dried up at Laredo, Tex., 
this month for the first time in recorded history. Amarillo, 
Tex., experienced its driest June on record with rainfall 
totalling a meager 0.01 inch. Newspaper reports have 
called this the worst drought in Texas history and have 
described the appearance of a new “dust bowl” where 
crop lands have been turned into sand dunes; most ponds, 
lakes, and streams are bone dry; and crops are stunted 
or dead. 


1 See charts I-XV following p. 178 for analyzed climatological data for the month. 


Other States seriously affected by drought were Okla- 
homa, Arkansas, Tennessee, and Mississippi, where wide- 
spread crop damage and water shortages were reported. 
Record or near record low rainfall amounts were observed 
at several stations in these States. One of these was 
Memphis, Tenn., with 0.04 inch, the lowest amount on 
record for June. 

A prolonged and extreme heat wave accompanied and 
contributed to the drought, except in southern California 
and Arizona where temperatures averaged below or near 
normal (Chart I-B). Maximum temperatures in the 90’s 
or higher occurred nearly every day of the month over 
most of the drought area. In the Rio Grande Valley 
there were very few days when afternoon temperatures 
did not reach 100°. At Laredo, Tex., the maxima varied 
between 98° and 107° with only 4 days below 100°. 
Twenty-one consecutive days with maximum temper- 
atures of 100° or more at Abilene, Tex., set a new record 
for June. At many stations in Texas, Oklahoma, Kansas, 
New Mexico, Louisiana, Arkansas, and Tennessee monthly 
mean temperatures were the highest on record for June. 
At Memphis, Tenn., and Lake Charles, La., June 1953 
was not only the warmest June on record but also the 
hottest month ever observed. 

Many of the new heat records established this June 
just barely exceeded previous records set only last June [1]; 
while in many places, especially in the central Plains 


TEMPERATURE ANOMALY 
(APPROXIMATE) 


A JUNE 1952 


B JUNE 1953 


Ficure 1.— Monthly mean surface temperature anomalies for (A) June 1952 and (B) June 1953. The classes above, below, and near normal occur on the avera: 
time, while much above and much below each normally occur one-eighth of tne time. Note the marked similarity in overall pattern, especially the coin 


norma] temperatures over a broad area in the central! part of the United States. 
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Ficure 2.— Anomalies of total monthly precipitation for (A) June 1952 and (B) June 1953. 


The classes light, moderate, and heavy occur on the average one-third of the time. Note 


general coincidence of like precipitation classes, especially large area of light rain: over South Central United States in both years. 


FicureE 3.— Mean 700-mb. chart with height contours and departures from normal ee labeled in tens of feet) for May 31-June 29, 1952. Circulation over much of United States last 
June was dominated by a strong subtropical ridge over the Mississippi Valley, accompanied by heat and dry weather over large portions of the country. (See figs. 


1-A and 2-A.) 


and central Mississippi Valley, this June’s heat was only 
slightly surpassed by that of June 1952. The basic 
similarity of the temperature anomaly patterns over the 
entire United States for June 1952 and June 1953 is 
readily apparent in figure 1, where mean surface temper- 
ature anomalies are analyzed in terms of five classes. 
Note the large area from the southern and central Rockies 
eastward to the Ohio Valley where temperatures in both 
years averaged much above normal, a class which normally 
occurs in only 1 out of 8 years. The most notable dif- 
ferences between the two patterns were along the east 
coast, where this June was considerably cooler than last 


year, and in southern Texas, where this June was sub- 
stantially hotter. In the Far West cool weather was 
observed in both years, but this June was somewhat 
colder as indicated by the more extensive area of much 
below normal temperatures in figure 1-B. In fact, at 
several stations in this area this was the coldest June 
ever observed. 

Precipitation regimes over the United States in June 
1952 and June 1953 were also remarkably similar (fig. 2). 
Light rainfall occurred over a broad region from Colorado 
and New Mexico eastward to the Appalachians in both 
months, generally over the same region where much- 
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FicurE 4.— Mean 700-mb. chart with height contours and departures from normal (both labeled in tens of feet) for May 30-June 28, 1953. Note remarkable similarity in basic wave 


pattern at middle latitudes from western Pacific to central Atlantic between this June and last June. ( 4 
the circulation over the United States with accompanying heat wave and drought. (See figs. 1-B and 2-B. 


above-normal temperatures were observed (fig. 1). 
Another sizeable area where precipitation was similar in 
both months was in the Far West where heavy amounts 
occurred. Other coincidences between precipitation re- 
gimes occurred, although on a smaller scale, such as heavy 
precipitation in southern Arizona and New Mexico, and 
light in the Lower Lakes, New York, and New Jersey. 
The major differences were over the northern Plains, the 
Carolinas, and Florida where this June’s precipitation was 
considerably greater, and over New England where it was 
considerably lighter than last June’s. 


See fig. 3.) ) Once again a well-developed continental anticy dominated 


RELATED CIRCULATION FEATURES 


Since June 1952 and June 1953 showed such good 
correspondence in both precipitation and temperature 
regimes over large areas of the United States it is not 
surprising that the mid-tropospheric circulation patterns 
were very similar in both months over most portions of 
North America and adjoining oceans (figs. 3 and 4). 
The entire wave train from the western Pacific to the 
Central Atlantic was virtually identical in trough and 
ridge positions and in locations of major height anomaly 
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centers. Immediately associated with the heat and 
drought over much of the United States in both months 
was the stronger-than-normal subtropical High cell (cen- 
tered over the South) whose pronounced anticyclonic cir- 
culation dominated most of the country south of the 
northern Border States and eastward from the Plateau. 
Other common features of figures 3 and 4, which were 
undoubtedly of direct importance in maintaining a warm 
anticyclone over the United States, were a deeper-than- 
normal trough along the west coast, faster-than-normal 
flat westerly flow along the Canadian border, and an 
abnormally strong ridge over the east central Pacific. 
Last year Klein [1] demonstrated that the circulation 
pattern of June 1952 was typical of summer heat waves 
over the central and eastern United States. It is obvious 
that the circulation of June 1953 fits this ‘model’ heat 
wave circulation pattern rather well. 

The association in summer between the upper-level con- 
tinental anticyclone and hot, dry weather over the central 
United States has long been recognized. Reed in 1937 [2] 
pointed out the importance of subsidence and dry air 
aloft associated with this High cell in preventing the 
development of cloudiness and showers and in favoring 
drought. Also of significance in keeping the weather dry 
over a rather extensive area surrounding the High may 
be the stronger-than-normal southwesterly flow between 
the anticyclone and a deeper-than-normal trough usually 
located along the west coast. (See figs. 3 and 4.) This 
flow leads to frequent advection of air from the hot desert 
regions of the Southwest into central portions of the 
country. One other major feature generally associated 
with this continental High probably helps to complete 
the physical picture of the production of heat and drought 
over the central United States. This is the fast, flat 
westerly flow, generally found along the northern pe- 
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FiGuRE 5.—Mean 700-mb. wind s (isotachs drawn at intervals of 5 m/sec) for Ma 
30-June 28, 1953. Solid arrows indicate the average position of jet stream at this level. 
Relatively fast westerlies blew along the northern periphery of continental High cell 
centered over Mississippi. (See fig. 4.) 
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riphery of the High, which typically prevents cool Canadian 
polar air from making appreciable penetrations very fay 
south of the Canadian border, so that frontal showers are 
minimized. 

Further details of the nature of the continental antj- 
cyclone and the flow around it this June are revealed jp 
figures 5-7. Note the axis of maximum wind speed at 
700 mb. stretching from the bottom of the west coast 
trough over southern California northeastward to the 
Lakes and thence eastward across New England. Max- 
mum speeds along this axis over the United States were 
located over Wisconsin directly north of the High center 
over Mississippi. (See fig. 4.) Meanwhile, wind speeds 
were extremely weak over the South along the major 
east-west axis of the anticyclone. Considerable anti- 
cylonic shear existed between the westerly belt across the 
North and the virtually stagnant flow to the South. 
This shear, combined with anticyclonically curved con- 
tours in figure 4, resulted in pronounced anticyclonic 
vorticity over a broad area from northwest Mexico east- 
northeastward to the Middle Atlantic States (fig. 6), 
The strongest anticyclonic vorticity was centered just 
north of the High cell over western Tennessee. It is 
interesting to note that the area enclosed by the —1 
vorticity line in figure 6 coincided almost exactly with 
the region enclosed by the +5 anomaly line in figure 4, 
showing a remarkable similarity between positive height 
anomalies and anticylonic vorticity over the United 
States. Perhaps most important is the fact that this 
area where 700-mb. heights and anticyclonic vorticity 
were at a maximum also closely coincided with the large 
area of predominantly light precipitation extending from 
New Mexico to the Lakes region shown in figure 2-B 
or Chart III-B. 


ie 


FiGurE 6.—Mean relative geostrophic vorticity at 700 mb. (in units of 10- sec~!) for May 
30-June 28, 1953. Areas of cyclonic vorticity are shaded and labeled “‘C”’ at centers of 
maximum vorticity. Centers of anticyclonic vorticity are labeled “‘A’’. Pronoun 
anticyclonic vorticity dominated much of the United States from the Southwest to the 
Northeast. This was associated with strong wind shear south of the jet shown in 
5and = anticyclonic curvature in the circulation around the High cell portrayed in 

e 
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Figure 7 and Charts XI and XV demonstrate that the 
well-developed mid-continent ridge, as well as other 
large-scale features of the circulation pattern, remained 
virtually unchanged up into the lower stratosphere. It 
is noteworthy, however, that at 200 mb. the High was 
centered in southeastern Mexico compared with its 
lower-level position over Mississippi at 700 mb. The 
axis of maximum wind speeds at 200 mb., which is also 
shown in figure 7, paralleled quite closely the axis at 700 
mb. (fig. 5), but was generally slightly farther north 
from the west coast to the northern Plains. Maximum 
wind speeds in the 200-mb. jet over North America were 
located over California and Nevada. The highest value 
was about 32 m./sec., as much as five times as great as the 
speeds directly below at 700 mb. A secondary maximum 
was located near the Great Lakes, close to the maximum 
at 700 mb., but here speeds at 200 mb. were only about 
2% times those at 700 mb. The High at 700 mb. (fig. 4) 
was located almost directly under the 200-mb. ridge 
where weak mean westerly winds of about 10 m./sec. 
were passing over it. 


OTHER ASPECTS OF THE WEATHER AND CIRCULATION 


Severe local storminess continued to dominate the 
weather news during the first half of June. A series of 
devastating tornadoes on the 8th and 9th caused the greatest 
loss of life and the most property damage. These were 
concentrated in eastern Michigan and northern Ohio on 
the 8th and in southeastern New Hampshire and central 
Massachusetts on the 9th. They occurred in connection 
with the eastward passage of a pronounced prefrontal 
squall line which in turn was associated with a deep 
Low which moved out of New Mexico, across Lake 
Superior, and eastward through southeastern Canada 
(Chart X). This was slightly to the south of the pre- 
vailing cyclone track shown in figure 8-B. In general 
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FIGURE 7.—Mean 200-mb. chart with contours (labeled in hundreds of feet) and isotachs 
(labeled in meters per second) for May 30-June 28, 1953. Note very great similarity in 
basic pattern to 700-mb. level (ie. 4). Solid arrows indicate the average position of 


jet stream, which ds 
States (ig 5). y with the position of 700-mb. jet over the United 


most of the tornadoes in June were confined to the north- 
ern Border and central Plains States as they were in the 
last third of May. As pointed out last month by the 
author [3], the establishment of the continental anticy- 
clone and the shifting of the main westerly belt to the 
northern United States early in the last decade of May 
brought an end to severe storminess in the South, but 
allowed continued storminess across the North. 

Several cyclones formed or redeveloped east of the 
Continental Divide during June and moved north- 
northeastward through the northern Plains and Upper 
Lakes and then joined with the principal Canadian storm 
track (fig. 8-B or Chart X). Mostof the cyclogenesis took 
place to the south of the mean jet stream axis at both 700 
mb. and 200 mb. (figs. 5 and 7) where anticyclonic 
vorticity prevailed (fig. 6). Once formed, the cyclones 
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Figure 8.— uency of (A) anticyclone and (B) cyclone within 5° 
squares at 45° N.) during June 1953. Well-defined anticyclone tracks are indicated b 
open arrows and cyclone tracks by solid arrows. Note well-defined anticyclone pat 
from western Canada through Middle Atlantic States with maximum frequency in 
Ohio. Also noteworthy is frequent cyclonic development over Plains with track north- 
ward through Minnesota. Both cyclones and anticyclones were infrequent in the 
drought and heat wave area of the South Central States. 
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moved rapidly northward toward the center of cycloni 
vorticity just north of Minnesota. Moreover they 
developed at a distance of some 1,000 to 1,200 miles to the 
east of the deeper-than-normal west coast trough. Such 
a large displacement between upper-level trough and sea- 
level cyclonic activity is frequently found in this area, but 
it is much larger than that normally occurring in other 
parts of the Northern Hemisphere. It is probably a 
result of both the land-sea temperature contrast, which is 
very pronounced over the West in June, and the topo- 
graphic effects of the Rockies on the flow, which often 
damp out sea-level cyclones over the Plateau and create 
them east of the Continental Divide. If one examines 
the daily synoptic maps, the relationship between the west 
coast trough and the cyclones east of the Divide becomes 
more apparent. Sharp cold fronts moving across the 
West out of the trough provided perturbations from which 
new Lows formed east of the Divide. The mean sea level 
circulation and its departure from normal (Chart XI) 
reflect the cyclonic developments east of the Divide since 
a mean trough extended northward through the Plains 
from eastern Colorado to the Dakotas and a large area of 
negative pressure anomaly was centered over Nebraska. 
The cyclonic activity moving up through the Plains 
brought heavy amounts of precipitation to the northern 
Plains and the upper Mississippi Valley. Note that most 
of this precipitation occurred where surface flow was more 
easterly then normal, to the north of and under the mean 
jets shown in figures 5 and 7. 


In the Far West the weather of June 1953 was wet and 
cold (figs. 1-B, 2-B). This was associated with the deep 
west coast trough! and the very strong northerly flow on 
its west side (fig. 4). This flow pattern transported cold 
maritime polar air masses{into and east of the trough, 
while the prevailing deep cyclonic circulation caused 
frequent precipitation. Note the broad region of cyclonic 
vorticity accompanying the trough shown in figure 6. 
On the west side of the trough and its cyclonic vorticity 
area, Low centers plunged southward just off the west 
coast (fig. 8-B). 


The east coast of the United States (with the exception 
of the Northeast) experienced temperatures which averaged 
near to slightly below normal (fig. 1-B or Chart I-B) and 
precipitation amounts which were generally moderate to 
heavy (fig. 2-B or Chart III). At first glance this relative- 
ly cool weather on the east coast is not too easy to explain, 
especially when one considers the rather close resemblance 
between the circulation patterns of this June and last June 
(figs. 3 and 4) and the fact that last June was hot and 
prevailingly dry on the east coast (figs. 1-A and 2-A). 
However, there were some subtle, but significant differ- 
ences in the circulation patterns which can account for 
cooler and wetter weather this June. First, the east 
coast trough was considerably farther west, south of 40° 
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IN., trailing back across southern Florida and into the 
Gulf of Mexico this month, so that flow along the east 
coast was more northerly than normal and more meri. 
dional than it was last June. Second, heights neg; 
Hudson Bay were slightly above normal this June whereas 
they were markedly below normal last June, so that the 
westerlies across southeastern Canada were not as st: 

as last June; and there were even several short periods jn 
the first half of the month when the westerlies were very 
weak. Asaresult Canadian polar air was able to penetrate 
the entire east coast on several occasions accompanied by 
frontal rainfall and showers. Figure 8-A shows that the 
major anticyclone path across the east coast was through 
the Middle Atlantic States. Most of these Highs formed 
as breakoffs from the mean Highs in the Pacific or northern 
Canada (Chart XI) and moved southeastward across the 
Lakes to the Atlantic Coast, bringing fresh supplies of 
polar air into the east coast. Cyclogenesis occurred 
several times just along the east coast in association with 
the coastal trough (Chart X). This cyclone track extended 
northeastward into a region of strong cyclonic vorticity 
aloft near Newfoundland, and there joined with the 
Canadian storm track to form a region of very high fre- 
quency of migratory storms south of Greenland (figs. 6 
and 8-B). 


In conclusion a word may be said about the disastrous 
floods which occurred in Japan near the end of June, 
These floods were termed unprecedented in modern history 
with a death toll of over 1,000, more than 60,000 people 
homeless, and widespread property damage. The monthly 
mean circulation pattern in that area (fig. 4) consisted ofa 
trough along the Asiatic east coast which was slightly 
deeper than normal and a subtropical High cell south of 
Japan which was much stronger than normal. It is be- 
lieved that the broad abnormally strong southwesterly 
flow over the China Sea and Japan, transporting copious 
amounts of moist air from Southeast Asia, led to frequent 
heavy rainfall during the month which culminated in the 
disastrous flood conditions at month’s end. 
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LOW LEVEL WARM AIR ADVECTION, JUNE 8-9, 1953 


GEORGE C. HOLZWORTH AND CHARLES F. THOMAS 
WBAN Analysis Center, U. S. Weather Bureau, Washington, D. C. 


INTRODUCTION putations of vertical motion are made. The paper 


: . , ttempts to describe a clear and consistent picture of the 
Meteorologists have long realized the importance of . ; , 
warm air advection in the lower levels of the atmosphere— general density changes occurring below 500 mb. and to 


reason the changes that must be taking place above 500 
especially in relation to regions of active weather such as ; ‘ 
doudiness and precipitation [1, 2}. Intimately tied to mb. to be mutually consistent with observed sea level 


these regions of warm air advection and weather are fields yoqnare changes. 
of vertical motion and areas of surface pressure change. THICKNESS AND PRESSURE CHANGE RELATIONSHIPS 
The effect of warm air advection in an air column contrib- 
uting to a surface pressure fall and cold air advection = Figure 1 is a composite chart of the 1000-mb. contours 
contributing to a pressure rise is well understood [3]. and the 1000-500-mb. thickness lines for 0300 emt on June 
However, in some discussions of temperate zone weather, 8, 1953. At this time the area of strongest warm air ad- 
warm and cold air advection are treated with reference to Vection is indicated near the center of the chart by the 
the usually observed attendant advection of high, cold concentration of the small quadrangular areas bounded by 
and low, warm tropopauses, respectively. For instance, contours and thickness lines. Figure 2 is a composite 
when it is pointed out that indicated warm air advection 12-hour change chart, showing the 1000-mb. height change 
in the lower levels (500 mb. or lower) will likely lead to a and the 1000-500-mb. thickness change from 1500 emr, 
buildup of higher surface pressures, what is really implied is June 7 to 0300 amr, June 8. Since thickness lines may 
that the lower warming will be more than balanced by the be considered as fairly conservative, their movement can 
advection aloft of a high, cold tropopause. The upper be attributed mainly to advection [4]. In figure 2 the 
level cold air advection is expected to more than compen- area of positive thickness change shows where warming 
sate the lower warm air advection—there will be a density has actually occurred. A change of about 66% feet in the 
increase—and surface pressures will rise. Cooling in an 1000-500-mb. layer is equal to a mean virtual temperature 
air column contributes to a surface pressure rise and change of 1° C. 
warming contributes to a fall. In all discussions the 
terminology should be consistent with the actual processes 
as well as with what is finally observed as the net result. 
» Since thickness lines are also isotherms of mean virtual 
temperature for the layer, the regions of warm air advec- 
tion are those where the flow is against the thickness lines 
and directed from higher toward lower values. The 
spacing of the thickness lines depends on the magnitude 
of the thermal wind, which simply is the wind shear 
between the bottom and the top of the layer; the stronger 
the shear, the greater the gradient. At the same latitude 
, geostrophic flow on a constant pressure surface depends 
on the contour spacing; the closer the spacing, the stronger 
> the flow. Therefore, the indicated advection is inversely 
proportional to the quadrangular areas bounded by thick- 
hess lines and contours of a constant pressure surface 
through the thickness layer. [ D 
From a study of low level warm air advection during £ | 
the period June 8-9, 1953, this paper presents some thick- ['7%3 182 
hess and pressure change relationships, and, employing 
the displacement of thickness lines, some simple com- likes) for out, Tune 81083. Values are in bundreds of et. 
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The actual contribution to the surface pressure fall by 
warming in the layer may be closely approximated from 
elementary considerations. If the 500-mb. height does 
not change and the 1000-mb. height falls, the 1000- 
500-mb. layer gets thicker (less dense) and contributes to 
a surface pressure fall. In this case the contribution to 
the surface pressure fall comes entirely from below 500 
mb. However, if the 500-mb. height also falls, but not 
as much as the 1000-mb. height fall, then the contribution 
of this layer to the surface pressure fall is reduced. Since 
thickness changes are transmitted downward as pressure 
changes it is possible to compute the contribution of the 
particular layer to the surface pressure change. For 
instance, at Duluth, Minn. at 0300 emt, June 8 (fig. 2) 
the 1000-500-mb. thickness has increased 200 feet, the 
1000-mb. height has decreased 250 feet, and so the 500- 
mb. height has decreased 50 feet. Near sea level, pressure 
decreases with height at the rate of about 1 mb. per 28 
feet, U. S. Standard Atmosphere. Since the 1000-mb. 
height fell 250 feet, the surface pressure fell about 9 mb. 
but since the 1000-500-mb. layer thickened only 200 feet, 
the contribution of this layer to the surface pressure fall 
is 4/5 or 80 percent. The remaining 20 percent must have 
come from above 500 mb. A slight contribution may 
come from below 1000 mb. but for practical purposes this 
is negligible. 

Along the eastern edge of the surface Low center (fig. 1) 
only slight warming is occurring in the 1000-500-mb. 
layer (fig. 2). But in this same zone rather pronounced 
1000-mb. height falls are taking place. As a matter of 
fact, just a little farther east is located the center of 
1000-mb. height fall, enclosed within a —300-foot isallo- 
hypse, and through this center runs the relative isallohypse 
of 100-foot increase in thickness of the 1000-500-mb. 
layer. Thus, in this area the decrease in density of the 
1000-500-mb. layer accounts for only about one-third of 
the observed sea level pressure fall. Consequently the 


FiGurE 2.—Composite chart of 12-hour change of the 1000-500-mb. thickness (solid lines) 
and 1000-mb. height (dashed lines) from 1500 GMT, June 7 to 0300 amt, June 8. 
Values are in hundreds of feet. 
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main contribution of density decrease to sea level pressure 
fall must come from above the 500-mb. level. 

Eastward of the main center of 1000-500-mb. thickness 
increase (fig. 2) is the area where warming (increased 
thickness) exactly balances the observed sea level pres. 
sure fall; here is also the zone where the 500-mb. height 
change is zero. This does not mean that density changes 
are not taking place above 500 mb., undoubtedly they 
are, but they are counterbalancing each other so that the 
net effect at 500 mb. and below is zero. 

Farther eastward toward the High center, but in the 
region of positive 1000-500-mb. thickness change and 
negative 1000-mb. height change, low level warming 
accounts for a greater pressure fall than is actually ob. 
served; density increase above 500 mb. must be occurring 
to compensate the excess density decrease below. Near 
the western edge of the High center this effect is even 
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FicureE 3. Composite chart of 1000-500-mb. thickness and 1000-mb. height for 1500 cmt, 
June 8, 1953. 
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FIGURE 4.—Composite chart of and 1000-mb. height for 0300 
une 9, 1953. 
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na better illustrated. For here the sea level pressure is 
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rising in spite of warming in the 1000-500-mb. layer. 


hess Through the High center the thickness change is small 
sed and negative, and contributes slightly to the observed 
Tes & ise in surface pressure. Along the eastern edge of the 
ght High center the increase in density of the 1000-500-mb. 
'8¢8 § \syer becomes the main source of rising sea level pressure, 
and is balanced by a density decrease above 500 mb. 

Thus, in this case one is led to the following picture of 
the balance of density decrease and increase above and 
below 500 mb. in contributing to sea level pressure change: 
Along the eastern edge of the Low center warming occurs 
ung below 500 mb., but the main contribution of density 
decrease to sea level pressure fall comes from above 500 
ring mb. About half way from Low to High, low level warm- 
ing completely accounts for the observed sea level pressure 
bins fall; the net effect from above 500 mb. is zero. A little 
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fe Ficure 5.—Composite chart of 12-hour change of 1000-500-mb. thickness and 1000-mb. 

height from 0300 GmT to 1500 GMT, June 8, 1953. 
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Fiovre 6.—Composite chart of 12-hour change of 1000-500-mb. thickness and 1000-mb. 
ght from 1500 Gut, June 8 to 0300 GMT, June 9, 1953. 


farther east, low level warming accounts for more pressure 
fall than is observed so increased density above 500 mb. 
occurs. Near the High center low level cooling becomes 
most effective and therefore the amount of density increase 
at upper levels diminishes. 

Figures 3 and 4 show how the areas of indicated warm 
air advection moved from southwest to northeast, and 
figures 5 and 6 show the 12-hour changes of 1000-500-mb. 


TaBLE 1.—Relationship of 1000-500-mb. thickness change to surface 
pressure and 500-mb. height changes 


1500 out, June 7, to 0300 amt, June 8, 1953 


Station AHiow 000-500 ap 
Feet Feet Feet Millibars 
Sault Ste. Marie, Mich.............. —-w 160 +140 -1 
Mount Clemens, —25 55 
Fort Leavenworth, Kans............ —285 +145 —140 —10 
—140 +180 +40 —5 


Moosonee, Ontario._................. —60 +300 +240 —2 
International Falls, Minn............ —320 — —400 
Kapuskasing, Ontario_............... —165 +320 +155 —6 
+105 +425 +530 
—310 +50 — 260 
Montreal, Quebec.................... +110 +235 +345 
Madison —225 +25 —200 -8 
Mount Clemens, Mich............... —100 +205 +105 —3.5 


Moosonee, —350 —40 —390 —12.5 

Alpena, Mich__ —265 +40 —225 
Montreal, —230 +155 —75 
Caribou, Maine..................-.-- —60 +120 -2 
Milwaukee, Wis..................... +50 +100 +150 +2 
oun —210 +150 -7 
—250 +210 —40 -9 
—225 +135 -8 


AHioo=12-hr. change in height of 1000-mb. level 
ASHw=12-hr. change in height of 500-mb. level 
4Z;000-s00 = 12-hr. change in 1000 to 500-mb. thickness 

Ap=12-hr. change in sea level pressure 


FIGURE 7.—Sea level weather chart for 1830 Gut, June 8, 1953. Shading represents the 
area where precipitation is occurring. 
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9.—Hodograph for Green Bay, Wis., at 0300 emt, June 8, 1953. 
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9-0506 GMT 8-2100 CMT 8-1500 GMT 8-0900 GMT 


Ficure 16.—Six-hourly time cross section over Mount Clemens, Mich. For clarity on 
solid line, the subsidence inversion by the dotted line, the isotherms in ° C. by 


thickness and 1000-mb. height. The sea level weather 
chart for 1830 emt, June 8 is illustrated in figure 7. 
Table 1 gives some relationships of thickness change to sea 
level pressure change and 500-mb. height change. The 
data are taken from figures 2, 5, and 6 which were obtained 
by graphical subtraction of succeeding carefully analyzed 
1000-500-mb. thickness and 1000-mb height charts. For 
some of the raob stations included in the table, the listed 
500-mb. height changes do not agree exactly with the 
results obtained by simply subtracting the height values as 
reported by these raob stations. This is because it is not 
possible to draw exactly for all the 500-mb. data as re- 
ported; some small corrections must be made. These 
corrections are slight and no discrepancies of any con- 
sequence have resulted. 

The areas where warming in the 1000-500-mb. layer 
has actually been realized are the positive areas of 12- 
hour thickness change, as shown in figures 2, 5, and 6. 
At 0300 emt, June 8 (fig. 2) the highest closed relative 
isallohypse shows a thickness of +200 feet, corresponding 
to an increase in mean virtual temperature of 3° C. for 
the entire 1000-500-mb layer. The main area of thick- 
ness increase is to the east-northeast of the main area of 


8-03C0 GMT 17-2100 GMT 7-1560 GMT 17-0900 GMT 


b+ tential and dew point temperatures are plotted. The front is indicated by the apd 
t solid lines, and the potential] temperature isotherms in ° A. by the dashed lines. 


1000-mb. height fall (surface pressure fall). The center 
of the Low at this time was following a track almost 
parallel to the line from 1000-mb. height falls to 1000-500- 
mb. thickness increase. Twelve hours later (fig. 5) the 
center of thickness change has almost doubled to a closed 
+400-foot relative isallohypse, indicating pronounced 
warm air advection, while the center of 1000-mb. height 
falls has deepened only about one third. The two change 
centers are still located relative to each other as in figure ?, 
except that now they are about twice as far apart. At 
this time the surface Low was moving at a speed of about 
40 knots. By 0300 emt, June 9 (fig. 6) the pronounced 
warm air advection shown in figure 5 has been greatly 
reduced and the center of thickness increase is now located 
almost directly south of the center of 1000-mb. height fall, 
which has maintained a closed —400-foot isallohypse. 
While the sea level Low continued to exhibit about the 
same central pressure, after 0300 emt, June 9, it slowed 
down to 25-30 knots. Its direction of movement veered 
to almost directly east. 

From the thermal wind equation [3] it is seen that 
veering wind with height indicates warm air advectiot, 
and backing wind with height indicates cold air advection 


| 
| -4 
-2 
| 
+4 
310° 
+6" 
+19 
| 
| = aoe = es ~ +107 
wS 1229 “| 
\ 20°] 
| 
| 
| 


FEET 


« 
U. S. STANDARD ATMOSPHERE ALTITUDE IN THOUSANDS OF 


June 1953 


8-13 are hodographs corresponding to the times 
of figures 1, 3, and 4. Since the thermal wind is parallel 
to the isotherms of mean virtual temperature, with warm 
air to the right, the component of the wind at either 
bounding level normal to the shear vector is a measure of 
the indicated advection. Or the indicated advection is 
proportional to the areas of the triangles composed of the 
winds at the two bounding levels and the thermal wind 
(orshear). The hodographs all indicate pronounced warm 
air advection. 

At Mount Clemens, Mich., the amount of warming 
from 1500 emt, June 7, when the station was in the cold 
air at the surface, to 0300 amt, June 9, just after a 
surface warm front had passed, is shown by the upper 
air soundings in figure 14. Certainly, strong warm air 
advection has taken place at this station. The super- 
adiabatic lapse rate between 850 and 800 mb. at 0300 
emt, June 9, is interesting both from warm air advection 
considerations and the occurrence of numerous tornadoes 
in the area beginning about 2330 emt, June 8. While 
no detailed study of the various factors contributing to 
the cause of these disastrous storms was made for this 
paper, it is the opinion of the writers and other members 
of the WBAN Analysis Center staff that strong warm 
air advection in the lower levels did play a part in the 
genesis of these tornadoes. 

The upper air soundings over Green Bay, Wis., at 0300 
emt and 1500 emt, June 8 (fig. 15) also show warming in 
the lower levels. At 0300 emr Green Bay was well into 
the cold air; at 1500 emt a surface occlusion was located 
just west of the station. The hodograph for Green Bay 
at 0300 cmt, June 8 is shown in figure 9. 

A 6-hourly time cross section over Rome, N. Y., is 
shown in figure 16. At the beginning of the cross section, 
0900 cmt, June 7, a cold front was approaching Rome, 
followed by a cold dome, and at the end of the cross section 
a warm front was approaching the station. Below the 
front the cold core was over Rome at about 0600 emr, 
June 8. Above the front, generally, warm air advection 
was occurring from 1500 emt, June 7 to 0900 emt, June 8. 
The lowest 1000-500-mb. thickness value occurred about 
0600 cmt, June 8. From the figure it is apparent that the 
main advection below 500 mb. took place below about 750 
mb. The 1000-mb. height continued to rise, even after 
the cold core had passed, until it reached a maximum 
value of 610 feet (sea level pressure, 1022 mb.) at 1500 
cmt, June 8. It appears that this continued rise after 
0600 cmr, June 8 must have been due to a density increase 
above the 500-mb. layer. 

Several of the soundings exhibited double inversions. 
The lower one was caused by the front and the upper one 
was rather dry, and was taken to be a subsidence layer 
formed by the sinking motion of the cold dome. This 


Inversion appears very abruptly between 1500 cmr and 
2100 cmt, June 7. The cold front was rather active, pro- 
ducing numerous showers along both sides of the surface 
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front. As soon as this active weather zone had passed, 
the subsidence inversion appeared. 


SOME SIMPLE COMPUTATIONS OF VERTICAL 
VELOCITIES 


As stated previously, the regions of indicated warm air 
advection are those where the flow within a thickness 
layer is from higher to lower thickness values and there- 
fore has a component against the thickness lines. How- 
ever, it is seldom that the thickness lines move with the 
speed of the component normal to them. Rather, the 
thickness lines are considered to move with the speed of 
the front behind which they lie, 60 to 80 percent of the 
normal component for warm fronts and 70 to 90 percent 
for cold fronts [5]. That part of the normal component 
in excess of the displacement of the particular thickness 
lines, since it is directed toward denser air, represents 
flow upward along an isentropic surface until condensation 
is reached. If the component of the normal wind not 
used in the displacement of the thickness line, and the 
slope of a representative isentropic surface (that of the 
front) parallel to the normal component are known, the 
vertical velocity may be computed [5]. The foregoing 
principle is illustrated in figure 17, in which AC is the 
component of the mean wind or, in the case of linear 
change of wind with height, the component of the wind 
at either the upper or lower bounding surface of the thick- 
ness, taken normal to the thickness line; AB is the portion 
of AC that is used in the displacement of the thickness 
Z, from A to B; the thickness profile (greatly exagger- 
ated) moves from 7, to 7,; BC is the portion of AC that 
moves along the isentrope, 8; a is the angle made by the 
isentropic surface and the horizontal; and CD is the ver- 
tical velocity. From the figure CD=BC tan a. 

Figure 1 was used in the computations of the compo- 
nents normal to the thickness lines. By comparing these 
displacements with the thickness chart 12 hours later (fig. 
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FIGURE 18.—Graph of the amount of lift in thousands of feet per 12 hours (ordinate) 
given the slope of the isentropic surface (abscissa) and the component of the normal wind 
(in knots) that is not accounted for by the movement of thickness lines. Ifthe isentropic 
surface slope is negative, a particle will undergo subsidence. 


3), the normal components that are not accounted for by 
the observed movements are obtained. Each “left over’ 
component is then multiplied by the slope of the isentropic 
surface normal to the thickness line, and yields the vertical 
velocity. Figure 18 gives the amount of 12-hour lift in 
feet from the known values of isentropic slope (see fig. 19) 
and component normal to thickness lines that is not ac- 
counted for by displacement of the thickness lines. The 
299° A. isentropic chart for 0300 amt, June 8 is shown in 
figure 20, which also shows the advection arrows obtained 
from mean flow against 1000-500-mb. thickness lines. 
The correlation between precipitation and vertical mo- 
tion from 0300 amt to 1500 emt, June 8 is illustrated 
in figure 21. Figure 22 is a 299° A. isentropic chart for 
1500 emt, June 8. It is interesting to note that wher- 
ever warm air advection (thin arrows) is occurring the 
mean flow arrows are moving upslope along the isentropic 
surface, and where cold air advection (heavy arrows) is 
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GEOGRAPHIC DISTANCE IN DEGREES OF LATITUDE 


FiGcuRE 19.—Graph giving the slope of an isentropic surface, given the distance in 
of latitude between two points (abscissa) and the difference in height in feet of the 
isentropic surface between these two points (ordinate). If the height of the isentropic 
—_— decreases along the positive direction between two points, then the slope is 
negative. 


taking place the arrows are moving downslope. 
correlation between precipitation and vertical motion from 
1500 emt, June 8 to 0300 emt, June 9 is illustrated in 
figure 23. 

At 1500 emt, June 8 (fig. 3) rather pronounced warm 
air advection was indicated around the eastern periphery 
of the Low center. But 12 hours later (fig. 4) the cold 
front had swept into this area moving the thickness lines 
to the south. Therefore, the components of the wind 
normal to the thickness lines at 1500 emt, June 8, that 
cannot be accounted for by advection of the thickness 
lines to their positions 12 hours later, are the normal com- 
ponents plus the speed of the southerly movement of the 
lines. This results in strong components, which yield 
rather high vertical velocities around the eastern edge of 
the Low center (fig. 23). Such values are in agreement 
with the well-founded theory of horizontal convergence 
around Low centers. 
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FicurE 20.—229° A. isentropic chart for 0300 Gmt, June 8, 1953. Warm and cold air 
advection, from considerations of mean flow against thickness lines, is indicated by the 
thin and heavy arrows, respectively. 
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FicvrRE 21.—Computed 12-hour lift in thousands of feet from 0300 GMT to 1500 GMT, 
June 8, 1953. The area a has from 0330 GmT through 0930 
out, June 8, is crosshatched, that from 1230 Gut through 1530 Gut, June 8, is 


CONCLUDING REMARKS 


The main idea in this study of warm air advection has 
been to present a clear picture of the relationship between 
1000-500-mb. thickness changes and sea level pressure 
changes. The method of computing vertical velocities, 
admittedly, is rough and extremely subjective, but it has 
the advantage of furnishing comparatively quick results.’ 
Although the correlation between vertical motion and 
Precipitation areas is favorable in this case, the notion 
needs considerable refinement. While this study has 
dealt primarily with warm air advection, many of the 
ideas employed are equally applicable to cold air advection. 


Some notable and more refined methods of computing vertical velocities have been 
developed by research units of the United States Air Force at New York University and 
by members of the New York University staff and the United States Weather Bureau. 
(For instance, see [6].) 


FicuRE 23.—Computed 12-hour lift from 1500 Gut, June 8, to 0300 Gut, June 9, 1953. 
The area where precipitation has occurred from 1530 Gut through 2130 out, June 8, 
crosshatched, that from 0030 Gut, June 9, through 0330, Gut, June 9, is shaded. 
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| CORRECTION 


MontTHity WEATHER Review, vol. 81, No. 2 February 1953, 
: page 37: Sentence rpowy & in line 1 should read “They indicate 
ae, that wind waves and o have the characteristics of the surface 
waves.” 

Page 35, figure 3: Isopleth at center over intersection of cross 
lines should be labeled “8” instead of “9.” 
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Chart I. A. Average Temperature (°F.) at Surface, June 1953. 


B. Departure of Average Temperature from Normal (°F.), June 1953. 
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A. Based on reports from 800 Weather Bureau and cooperative stations. The monthly average is half the sum of the monthly 
average maximum and monthly average minimum, which are the average of the daily maxima and daily minima, respectively. 
B. Normal average monthly temperatures are computed for Weather Bureau stations having at least 10 years of record. 
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Chart III. A. Departure of Precipitation from Normal (Inches), June 1953. 
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B. Percentage of Normal Precipitation, June 1953. 
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Normal monthly precipitation amounts are computed for stations having at least 10 years of record. 
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LXXXI—77 June 1953. M. W. R. 
2 Chart VI. A. Percentage of Sky Cover Between Sunrise and Sunset, June 1953. 
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a B. Percentage of Normal Sky Cover Between Sunrise and Sunset, June 1953. 
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Zs A. In addition to cloudiness, sky cover includes obscuration of the sky by fog, smoke, snow, etc. Chart based on 


visual observations made hourly at Weather Bureau stations and averaged over the month. B. Computations 
of normal amount of sky cover are made for stations having at least 10 years of record. 
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June 1953. M. W. R. LXXXI—78 
Chart VII. A. Percentage of — Sunshine, June 1953. 
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A. Computed from total number of hours of observed sunshine in relation to total number of possible hours of 
sunshine during month. B. Normals are computed for stations having at least 10 years of record. 
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